The ultrafast dissociation dynamics of NO 2 molecules was investigated by femtosecond laser pump-probe mass spectra and ion images. The results show that the kinetic energy release of NO + ions has two components, 0.05 eV and 0.25 eV, and the possible dissociation channels have been assigned. The channel resolved transient measurement of NO + provides a method to disentangle the contribution of ultrafast dissociation pathways, and the transient curves of NO + ions at different kinetic energy release are fitted by a biexponential function. The fast component with a decay time of 0.25 ps is generated from the evolution of Rydberg states. The slow component is generated from two competitive channels, one of the channel is absorbing one 400 nm photon to the excited state A 2 B 2 , which has a decay time of 30.0 ps, and the other slow channel is absorbing three 400 nm photons to valence type Rydberg states which have a decay time less than 7.2 ps. The channel and time resolved experiment present the potential of sorting out the complex ultrafast dissociation dynamics of molecules.
I. INTRODUCTION
The ultrafast dynamics of NO 2 has attracted particular interest, due to its importance for understanding the photodissociation of polyatomic molecules [1−8] . Femtosecond time-resolved investigations of NO 2 have been performed to study the transient behaviors of excited states and to disentangle the dissociation mechanisms in recent years, such as dissociative ionization [9, 10] , excited-state dynamics [11−17] , and conical intersection [1, 18, 19] . López-Martens et al. studied ultrafast dissociation dynamics of NO 2 using femtosecond laser pump-probe fluorescence depletion spectroscopy [13] , and found that the dominant dissociation occurred through the excited state populated by absorbing three 400 nm photons, with a decay time shorter than 600 fs. Eppink et al. studied the ultrafast dissociation of NO 2 using femtosecond time-resolved ion imaging method, and the fragment NO + with a kinetic energy of 0.28 eV was observed, which corresponded to the dissociative ionization channel of absorbing three 400 nm photons to Rydberg states and absorbing another 266 nm photon to ionization [14] . The transient curve of NO + has two kinds of decay time, with the fast decay time of (90±10) fs and the slow one of (4000±400) fs; the fast channel corresponds to dissociation from Rydberg state and the slow channel is from excited state A 2 B 2 . Form et al. observed the oscillation of ion signal from slow decay channel, and they assigned the oscillation to the roaming of O atom in the excited states [15] . While Irimia et al. assigned the oscillation to the superposition of oscillating wavepacket between Rydberg and valence character of predissociation states [16] . The ultrafast dissociation dynamics of NO 2 such as the relation between oscillation of ion and wavepacket motion is still a hot debated topic, which has attracted a lot of attention recently [16−20] . Vredenborg et al. studied the multiphoton multichannel dissociation dynamics of NO 2 by time-resolved coincident imaging, the contribution of different excited states and dissociation channels have been identified [17] . They found that the dissociation occurring at short delay time (<300 fs) comes from a repulsive potential energy surface, which is populated by absorbing three 400 nm photons, and this Rydberg state can transfer to dissociation states via conical intersection. The ions from the slow delay channel are generated from either a Rydberg state or excited state A 2 B 2 , this Rydberg state is populated by absorbing three 400 nm photons, and the A 2 B 2 state is populated by absorbing one 400 nm photon. These previous experiments present very different decay channels and decay time because of the multiple excitation states involved during the ultrafast dissociation of NO 2 [11, 14−18] . It will be interesting to provide a further discussion on channel resolved ultrafast dissociation dynamics of NO 2 in strong laser fields [21] .
In this work, we perform an experimental study on ultrafast dissociation dynamics of NO 2 by using two-color femtosecond laser (400 nm+800 nm) pumpprobe method with velocity map imaging (VMI) measurement. The obtained kinetic energy release (KER) spectra of NO + have two components, one component with kinetic energy of 0.05 eV and the other with kinetic energy of 0.25 eV. The dissociation channels have been identified and the transient behaviors of NO 2 + and NO + have been discussed by combining the measurement of the transient curves of mass spectra and channel-resolved transient evolutions of NO + ion images.
II. EXPERIMENTS
A schematic drawing of experimental setup used in the present study is shown in FIG. 1 . A chirped pulse amplified (CPA) Ti:sapphire laser is employed to produce a 90 fs, 800 nm linearly polarized laser beam with a repetition rate of 10 Hz. A Mach-Zehnder interferometer is used to split the laser beam into two parts with a variable delay for a pump-probe measurement. The intensity of each beam varies by using a half-wave plate and a Glan polarizer. The pump laser is frequencydoubled to 400 nm through a 0.5 mm BBO crystal and the polarization is rotated by a half-wave (λ/2) plate. The probe laser beam is sent through a computercontrolled delay stage to change the delay time between the pump and probe laser beams. The pump and probe laser intensities are 15 and 100 µJ, respectively. The pump and probe laser beams are collinearly focused onto a supersonic molecular beam in a detection chamber by a 250-mm-focal-length lens. The zero delay time of pump and probe laser beams is determined by measuring the cross correlation of Xe + , in which the FWHM of cross correlation spectrum is 143 fs from Gaussian fitting. This molecular beam is produced by expanding 2% NO 2 seeded in helium with a stagnation pressure of 2 bars through a 0.5-mm orifice of a pulsed valve. There might be some N 2 O 4 molecules coexisting in the molecular beam because of its high equilibrium constant. However, this does not affect measurements because the absorption of NO 2 dominates at 400 nm. We also check the contribution of NO 2 + from ionization of NO 2 and dissociation ionization of N 2 O 4 by measuring the ion images of NO 2 + , we find NO 2 + dominates the species generated from the ionization of NO 2 since the ionization energy of NO 2 (9.6 eV) is much smaller than that of N 2 O 4 (11.4 eV). So the influence of N 2 O 4 on transient behaviors of NO + can be neglected in this work. The measurement is carried out in a velocity map imaging system based on the design of Eppink and Parker [22] . The microchannel plate is gated by applying a 300-ns voltage pulse at the specific delay time to select imaging of fragment NO + ion. Images of the ion signal on the phosphor screen of the detector are recorded using a CCD camera. The mass spectra are obtained through monitoring the phosphor screen by a photomultiplier tube, which are accumulated and averaged by a digital storage oscilloscope.
III. RESULTS AND DISCUSSION
Multiphoton absorption of pump and probe lasers will lead to both ionization and dissociation of NO 2 molecules. For convenience, a schematic representation of the relevant energy levels of NO 2 , NO 2 + [17, 18, 22−24] is shown in FIG. 2 (a). We label the various possible dissociation channels with (1)−(5). The photoabsorption cross section curve extracted from Ref. [25] is shown in FIG. 2(b) , and two arrows point to the absorption position of one and three 400 nm photons.
In the experiment, we use a weak pump laser (400 nm) to excite molecules only and no ion signals of NO 2 + or NO + are observed when pump laser interacts with molecules. One and three photons excitation processes coexist when we carefully choose the pump laser intensity. The intense probe laser (800 nm) has been used to make sure all the excitation states are dissociated and ionized. The mass spectra of NO in  FIG. 4(a) , with the signal increasing rapidly around the zero delay time, after that the signal decreases very fast. For the direct ionization, NO 2 + could be produced from different channels, such as absorbing one 400 nm photon to excited state A 2 B 2 followed by absorbing five 800 nm photons to ionization, or absorbing three 400 nm photons to excited Rydberg state followed by absorbing one 800 nm photon to ionization. We can also see that the maximum signals of NO 2 + and NO + appear at different delay time, 0.11 ps and 0.23 ps respectively, and the signal of NO + increases as the signal of NO 2 + decreases with comparable time of 0.12 ps. This observation and different evolution of NO 2 + and NO + imply that most of the NO 2 population is lost through a dissociative ionization route [14] . From the measured transient curves, the time-dependent signal intensity S(t) is analyzed using a least-squares fitting program, which is given by [26] 
where c i is the amplitude of the component, τ i is the decay time and σ is related to the FWHM of the excitation laser pulse. In this way, a single decay time of (0.28±0.05) ps is used to fit the NO 2 + curve, and two decay time of (0.25±0.05) ps and (13.0±1.0) ps are used to perform a best fitting of the NO + curve, these two exponential components ( see FIG. 4(b) ) are generated from the fast and slow dissociation channels of NO 2 .
The KER spectra of NO + generated from dissociative Table I . Our measured KERs of NO + are in agreement with previous experimental results, which indicates all the dissociation channels after pump by 400 nm laser have been observed. The contribution of fast and slow decay channels to different KER distributions of NO + is also presented in Table I . The comparison of KER spectra at different delay time between pump and probe lasers is shown in FIG. 5(b) , the intensities of KER spectra change as the delay time increases.
The measured KER spectra of ions provide information on analysis of the dissociation of NO 2 in twocolor lasers. NO + can be produced from dissociation channels (1)− (5) [23] . In this case, the energy obtained by multi-photon absorption is 12.5 eV when the bandwidth of our laser is considered, the release energy for dissociation channel (1) is 0.12 eV. This release energy is shared by NO + and O. According to the law of momentum conservation between two fragments generated from dissociation, the KER of fragment NO + from one particular channel can be calculated from the total release energy by
where E kin, NO + is the kinetic energy of the fragment NO + , m O and m NO are the mass of O and NO 2 , E kin,tot is the total kinetic energy. It leads to a KER of NO + around 0.04 eV from channel (1), which agrees with our observation of low KER value at 0.05 eV. The low KER ions can also be generated from channel (4), which is produced from two-photon dissociation from a short life time Rydberg state after absorbing three 400 nm photons. In this channel, the final excess energy of the fragment ions NO + (X 1 Σ)+O( 3 P) is the same as channel (1) . The NO + ions with high KER (0.25 eV) can be assigned to the dissociation from three channels, i.e., channels (2), (3) and (5) + generated from these channels agree well with the measured results which have a broad distribution around 0.25 eV (from 0.0 eV to 0.50 eV). For the dissociation channel (3), NO 2 first absorbs three 400 nm photons to a short life Rydberg state and absorbs another three 800 nm photons to a 3 B 2 and b 3 A 2 ionic states [15, 16] . For the dissociation channel (5), NO 2 first absorbs three 400 nm photons to a long life Rydberg state 5 2 A 1 or 6 2 A 1 [16] . The 5 2 A 1 state correlates to the 3 2 Σ + g (3d) Rydberg state at linear geometry, and the 6 2 A 1 state correlates to the 1 2 ∆ g (3d) Rydberg state at linear geometry. These linear geometry Rydberg states are crossed by two dissociative states which can dissociate to NO(A 2 Σ)+O( 3 P), the NO(A 2 Σ) can be ionized by absorbing another three 800 nm photons. The appearance energy of NO(A 2 Σ)+O( 3 P) is 8.75 eV [17, 18, 23 ] and the energy of three 400 nm photons is 9.3 eV, so the obtained KER of NO + from this channel in FIG. 4(b) . The fast decay time of different KER ions is close to each other while the decay time of slow component is different from each other (30.0±3.0) ps for low KER ions and (7.2±2.0) ps for high KER ions, which means the fast decay channels for low and high KER ions are from the same excitation state and slow decay channels for low and high KER ions are dissociated from different excitation states. The fast decay channels are generated by absorbing three 400 nm photons to Rydberg state and absorbing another two or three 800 nm photons to dissociation. Compared the analysis of previous studies [15−17] with the above analysis of KER distributions from different dissociation channels, the low KER ions with slow decay time shown in  FIG. 6(a) [27] . The high KER ions are more likely generated from dissociation channel (5) than channel (2) under our experiment condition. The channel (5) 2 A 1 , and the contributions of different states can be controlled by changing the laser intensity [21] . At low laser intensity, the channel with the one photon excited state A 2 B 2 dominates, and as the laser intensity increases, the process involved in three-photon excitation to 5
2 A 1 or 6 2 A 1 will have important contribution. The difference of decay time measured from different experiments can be attributed to the different intensity of pump laser [11, [14] [15] [16] [17] [18] 21] , so specific states can be selectively excited to by carefully choosing the intensity of pump laser.
The angular distributions of NO 2 + and NO + obtained from measuring the signal intensities at different angles between pump and probe laser at delay time of 0.28 ps are shown in FIG. 7 . These angular distributions show a maxima at θ=0
• and a minima at θ=90
• , which are fitted by an expansion of Legendre polynomials I=1+ ∑ β 2i P 2i (β 2 =0.168 and 0.177 for NO 2 + and NO + respectively). The anisotropic of angular distribution is affected by the transition moment between ground and excited states, and is also influenced by the shape of the orbital from which an electron is removed. When intense laser interacts with excited NO 2 molecules, the angular distributions of NO 2 + and NO + contain the information of molecular excited orbital and neutral-ionic state correlation [28, 29] . In the present experiment, the same angular distributions of NO 2 + and NO + demonstrate that the parent ion and fragment ion are produced from ionization of the same excited states at the delay time of 0.28 ps. Strong field dissociative ionization is a powerful method to detect the ultrafast molecular dynamics, which can provide plenty of information on ultrafast dynamics of excitation states [28−30] .
IV. CONCLUSION
The ultrafast dissociation dynamics of NO 2 in twocolor femtosecond laser has been studied by measuring the time-resolved mass spectra and ion images, the results demonstrate that the pump-probe transient evolution of NO + is generated from three ultrafast dissociation channels. The NO + generated from fast decay channels has KER peaks at 0.05 eV and 0.25 eV, which are generated by absorbing three 400 nm photons to Rydberg state and absorbing another two or three 800 nm photons to dissociation, and the lifetime of fast decay channel is (0.25±0.05) ps. The NO + generated from slow decay channel has two KER components, the low KER ions are produced form multi-photon dissociation of A 2 B 2 state and have a life time of (30.0±3.0) ps, and the high KER ions are produced from absorbing three 400 nm photons to Rydberg predissociation state, with a lifetime of less than (7.2±2.0) ps.
